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Spin transport was studied in a two-dimensional electron gas hosted in a wide GaAs quantum well occupying two
subbands. Using space and time Kerr rotation microscopy to image drifting spin packets under an in-plane accelerating
electric field, optical injection and detection of spin polarization were achieved in a pump-probe configuration. The
experimental data exhibited high spin mobility and long spin lifetimes allowing to obtain the spin-orbit fields as a
function of the spin velocities. Surprisingly, above moderate electric fields of 0.4V/cm with velocities higher than
2µm/ns, we observed a dependence of both bulk and structure-related spin-orbit interactions on the velocity magnitude.
A remarkable feature is the increase of the cubic Dresselhaus term to approximately half of the linear coupling when
the velocity is raised to 10µm/ns. In contrast, the Rashba coupling for both subbands decreases to about half of its
value in the same range. These results yield new information for the application of drift models in spin-orbit fields and
about limitations for the operation of spin transistors.
I. INTRODUCTION
Over the past few decades, the quest to build spintronic
analogs to conventional charge-based electronic devices has
motivated intense research1–5. Paramount to this search is the
spin transistor, proposed by Datta and Das6, that uses a gate-
tunable Rashba spin-orbit interaction (SOI)7 for electric ma-
nipulation of the spin state inside a ballistic channel. Later
studies included the Dresselhaus SOI8 so that a non-ballistic
transistor robust against spin-independent scattering could be
realized9–12. For instance, when both Rashba and Dresselhaus
couplings (SOCs) have equal magnitudes (α = β ), a uniaxial
spin-orbit field is formed and the spin polarization could be
preserved during transport13–16.
In order to bring further robustness to more realistic spin
transistors, we have to account for unwanted effects caused
when applying in-plane electric fields inside the transistor
channel as, for example, heating by the current. A recent
study in a single subband system showed that heating of the
electron system leads to a drift-induced enhancement of the
cubic Dresselhaus SOI17. It was also shown that carrier heat-
ing strongly increases the diffusion coefficient18. Moreover,
cubic fields introduced temporal oscillations of the spin polar-
ization during transport by drift and cause spin dephasing19.
Alternately, new device architectures using external magnetic
fields have been considered to overcome such dephasing in
systems set to the persistent spin helix regime20.
In this work, we are interested in the investigation of drift-
induced SOCs modifications by exploring a two-dimensional
electron gas (2DEG) hosted in a wide GaAs quantum well
(QW) with two-occupied subbands. Previous studies in such
multilayer systems shown high charge mobility and long spin
lifetimes21 as well as the possibility to generate current-
induced spin polarization22–24. Employing optical techniques
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for injection and detection of spin polarization, it was possible
to image drifting spin packets and to obtain the spin mobility
and spin-orbit field anisotropies. Further increasing the drift
velocities, we have observed the enhancement of the cubic
Dresselhaus SOI in agreement with the single subband case17.
However, we have also observed an unexpected decrease in
the Rashba SOI. These findings establish limitations to the as-
sumption of constant spin-orbit couplings independent of the
velocity range of the spin transistor operation.
II. EXPERIMENTAL MEASUREMENTS
The sample used in the investigations was a 45 nm wide
QW, symmetrically doped with Si, and grown in the [001] (z)
direction. The top left image in Figure 1(a) shows the calcu-
lated band profile for the QW. As the charge distribution expe-
riences a soft barrier inside the well, caused by the Coulomb
repulsion of the electrons, the electronic system is config-
ured with symmetric and antisymmetric wave functions for
the two lowest subbands with a separation of ∆SAS = 2meV.
The Shubnikov-de Hass oscillations provided the values of
n1 = 3.7×1011 cm−1 and n2 = 3.3×1011 cm−1 for each sub-
band density and the low-temperature charge mobility was
given as µc = 2.2×106 cm2/Vs21. To induce the drift trans-
port required for the spin-orbit field measurements, a cross-
shaped device was fabricated with a width of w= 270µm and
channels along the
[
11¯0
]
(x) and [110] (y) directions, where
lateral Ohmic contacts were deposited l= 500µm apart so that
in-plane voltages could be applied. A simple scheme of this
device is also shown in Figure 1(a).
To perform spin polarization measurements using time-
resolved Kerr rotation as a function of space and time, a mode-
locked Ti:sapphire laser with a repetition rate of 76 MHz
tuned to 819 nm was split into pump and probe beams. A
photoelastic modulator was used to control the circular po-
larization of the pump beam and the optically generated spin
polarization was then measured by analyzing the rotation of
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2FIG. 1. (a) Device geometry, contacts configuration, and a simple scheme of the pump-probe technique used for optical measurements. Also,
the top left image shows the potential profile and the subbands charge density of the two-subband QW. (b) External magnetic field scan of the
Kerr rotation signal measured at the spatial overlap of pump and probe beams for three different values of the in-plane electric field applied to
the y-oriented channel. Solid lines are fittings using Equation 1. (c) Spatial distribution of the spin polarization amplitudes, showing fittings
with the expected Gaussian profiles (solid lines), and the displacement caused when applying the same electric fields displayed in (b).
the reflected linearly polarized probe beam. The intensity of
the probe beam was also modulated by an optical chopper for
cascaded lock-in detection. The time delay of the probe pulse
relative to the pump was controllable by mechanically adjust-
ing the length of the pump path. The incidence of the probe
beam was fixed to the center of the cross-shaped device while
the pump beam could be moved with a scanning mirror, allow-
ing to spatially map the drifting spin packets. All presented
measurements were performed at 10K.
The spin-orbit fields are obtained by measuring the Kerr
rotation signal when varying the strength of the external mag-
netic field (Bext), applied in the plane of the QW, for a fixed
space and time separation between pump and probe pulses.
We model the dependence of the Kerr rotation angle ΘK as
following:
ΘK(Bext) =∑
n
An cos
[
gµB
}
(
∆t+ntrep
)×
×
√(
Bext+BSO,‖
)2
+B2SO,⊥
]
, (1)
where g is the electron g-factor, µB is the Bohr magneton, }
is the reduced Planck constant, ∆t is the time separation be-
tween pump and probe pulses, trep is the time interval between
subsequent laser pulses and BSO,‖ (BSO,⊥) is the component of
the spin-orbit field parallel (perpendicular) to Bext. Consider-
ing the device geometry, the resulting field is BSO,⊥ or BSO,‖
when the drifting electric-field is applied in the channel ori-
ented parallel or perpendicular to Bext, respectively. Next, we
will refer to the magnitude of the spin-orbit field simply as
BSO independently of its direction. For spin lifetimes that are
longer than trep, the Kerr rotation measured at a given instant
depends not only on the spin polarization injected by the last
pump pulse but also on the remaining polarization from the
previous ones. Although the contribution of each n-th pulse
is accounted for by the sum in equation (1), only some of
those terms are non-negligible since An rapidly decreases as
n grows. All measurements presented in this work were made
with a fixed long time delay of ∆t = 12.9ns between injection
and detection.
Figure 1(b) shows the Kerr rotation signal measured when
scanning in a short range of Bext for three different values of
the in-plane electric field (E) applied in the y-oriented chan-
nel (set along Bext). For each curve, the data was taken at
the overlap position between pump and probe beams (peak
amplitude in Figure 1(c)). Solid lines correspond to fittings
of equation (1) to the experimental data. Note that, while the
components of BSO parallel and perpendicular to Bext shift lat-
erally the data or decrease the magnitude of the center peak
(as in Figure 1(b)), the g-factor changes the frequency of the
peaks. Thus, the field scan experiment determines the g factor
and the spin-orbit field components separately as opposite to
time-resolved measurements.
Repeating field scans for several positions of pump-probe
separation (d), the fitted amplitudes allow us to map the spin
3distribution and to track the drifting spin package. For in-
stance, Figure 1(c) shows the extracted spin polarization am-
plitudes for the same electric field values in 1(b). The curves
exhibit Gaussian profiles, expected as both pump and probe
beams are also Gaussian, displaced from each other. Subtract-
ing the center position for these distributions from the value at
E = 0 to calculate the spin package displacement ∆d, the drift
velocities can be computed as v = ∆d/∆t.
Furthermore, the spin mobility (µs) can also be obtained
from the relation v(E) = µsE. Figure 2(a) shows the drift ve-
locities obtained from the measurements performed for posi-
tive and negative values of E applied in the x-(red circles) and
y-oriented (blue squares) channels. The solid lines are lin-
ear fits with slope µxs = (5.94±0.21)×105 cm2/Vs and µys =
(4.40±0.15)×105 cm2/Vs. A similar mobility anisotropy
was previously reported in this system and related to the ex-
istence of anisotropic spin-orbit fields. The spin mobility was
found to be controlled by the SOCs setting the field along the
direction perpendicular to the drift velocity21.
FIG. 2. (a) Drift velocity v of the spin packet for in-plane electric
fields applied in x- and y-oriented channels. The lines are linear fits
from which spin mobility values were extracted. (b) Dependence of
the g-factor with the drift velocities in each sample channel.
Figure 2(b) shows the variation of the electron g-factor
modulus with the in-plane electric field. Note that, for both
channel directions, this modification is symmetric on the field
polarity (velocity direction). A similar behavior was measured
in InGaAs epilayers25. However, the high mobility in our sys-
tem lets us produce a stronger variation of 0.02 when increas-
ing the drift velocity from zero to 10µm/ns in considerably
smaller electric fields. The mechanism behind this g-factor
dependence still requires investigation.
Next, we will focus on the dependence of the spin-orbit
fields with an increasing drift velocity. As commented above,
the Bext scans give an independent determination of the spin-
orbit field components by fitting equation (1). Using the mea-
sured relation between v and E in Figure 2(a), Figure 3(a)
shows the BSO as a function of the drift velocities vx (red cir-
cles) and vy (blue squares) when E is applied in the x- and
y-oriented channels, respectively. These strong anisotropic
fields can be expressed using a model21 in which the com-
ponents of the spin-orbit field changes linearly with the trans-
verse v as:
FIG. 3. (a) Spin-orbit field Bx(y)SO as a function of the drift veloc-
ity vy(x). (b) Ratio BSO/v, computed for each data point in (a), as a
function of the drift velocities in each of the device channels. (c) Pro-
jection of the dependence of the SOCs on v computed by plugging
the linear fits obtained in (b) into equations (3).
〈BxSO〉=
[
m
}gµB
2
∑
ν=1
(
+αν +β ∗ν
)]
vy,
〈
BySO
〉
=
[
m
}gµB
2
∑
ν=1
(
−αν +β ∗ν
)]
vx, (2)
where ν is the subband index= 1,2, m= 0.067m0 is the effec-
tive electron mass for GaAs, αν is the Rashba SOC for each
subband and β ∗ν = β1,ν − 2β3,ν depends on the linear (β1,ν )
and cubic Dresselhaus (β3,ν ) SOCs. The SOCs sum over the
subband index indicates that the dynamics is governed by the
average spin-orbit fields because the studied sample has an
electron system with a strong intersubband scattering26.
Figure 3(a) displays a non-monotonic function for BSO
which is opposite to the prediction of equation (2). The
solid line is a linear fit to the data points in the low-velocity
range. The departure from the model means that the SOCs
inside the brackets change with an increasing drift velocity.
Those parameters are graphically represented by the local
curve slope and can be inferred by the ratios by = BxSO/v
y and
bx =BySO/v
x, plotted in Figure 3(b) as a function of v. Clearly,
bx and by (and the SOCs) remain constant only up to approxi-
mately 2µm/ns followed by a decrease with increasing v, that
is stronger for by than for bx.
Finally, to translate the spin-orbit field dependence into the
variation of the SOCs, we assumed a linear relation between b
and v in the high-speed regime (v > 2µm/ns). Using that re-
lation, illustrated by the fit lines in Figure 3(b), we can isolate
the Rashba and Dresselhaus terms from b using the following
equations:
42
∑
ν=1
β ∗ν =
}gµB
2m
(
by+bx
)
,
2
∑
ν=1
αν =
}gµB
2m
(
by−bx
)
, (3)
constructed from the definition of the ratios bx and by above.
Projections from equation (3) are shown in Figure 3(c).
The sum of the Rashba coefficients decreases to half of its
value at low velocities (0.2meVÅ) when increasing v up to
10µm/ns. As α depends on the QW symmetry, the observed
dependence with an in-plane electric field is unexpected and
may be related to the same mechanism affecting the g-factor,
which is still not understood. On the other hand, the varia-
tion of β ∗ = β1− 2β3 is even stronger. Considering that the
linear Dresselhaus coefficient depends on the QW width, it is
expected that the measured modification of β ∗ reflects exclu-
sively an increase of β3 as v grows. Similar enhancement of
the cubic Dresselhaus SOC was previously discussed in single
subband systems and associated with heating due to the high
currents used to induce high drift velocities, as β3 depends
on the carrier densities and average of the Fermi level and,
therefore, on the electrons temperature17,18. Remarkably, we
measured a strong enhancement of the cubic Dresselhaus term
up to approximately half of the linear coupling when β ∗ ∼ 0
at 10µm/ns.
III. CONCLUSIONS
Cubic spin-orbit fields impose relevant constrains in spin
transistor proposals that target extended coherence, thus de-
manding particular attention. Here, we addressed this issue in
the investigation of a 2DEG confined in a GaAs QW with two
occupied subbands. Applying in-plane electric fields, that en-
abled drift transport of spin packets along the device channels,
we measured velocities as high as 10µm/ns and spin mobility
in the range of 105 cm2/Vs. We observed the dependence of
the spin-orbit couplings on the spin packet drift velocity. We
found two regimes: i) For low velocities (v < 2µm/ns), the
SOCs are independent of the drift velocity and the spin-orbit
fields increase with increasing velocity, ii) For high veloci-
ties (v > 2µm/ns), the Rashba SOC decreases while the cubic
Dresselhaus SOC increases and the spin-orbit fields become
weaker with increasing velocity. Our findings indicate that
limitations on the transport velocities should be considered
when implementing spin transistors in multilayer systems.
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